In anticipation of the Dawn Mission to 4 Vesta, we conducted a ground-based campaign of Bessel BVRI filter photometry of five V-type near-Earth asteroids over a wide range of solar phase angles. We also obtained medium-resolution optical spectroscopy (0.38 lm < k < 0.92 lm; R $ 500) of sixteen near-Earth and mainbelt V-type asteroids in order to investigate their spectral diversity and to draw connections between spacecraft data of Vesta and V-type asteroids. Our disk-integrated photometry extended the excursion in solar phase angle beyond the maximum of 24°available from Earth for Vesta to 87°, which is more typical of the geometry during the Dawn approach and mapping phases. The majority of our broad-band observations were obtained at the JPL 0.6-m Table Mountain Observatory but multiple nights were also contributed by the Calar Alto 1.2-m and 2.2-m telescopes, as well as by the Purple Mountain 1-m Schmidt. Our results include a determination of rotation periods for 4 asteroids, identification of a binary candidate and four new V-type asteroids, including a confirmation of two main-belt V-type asteroids beyond the Jupiter 1:3 resonance (Cruikshank, D.P., Tholen, D.J., Bell, J.F., Hartmann, W.K., Brown, R.H. [1991]. Icarus 89, 1-13; Lazzaro, D. et al. [2000] . Science 288, 2033Science 288, -2035 Roig, F., Gil-Hutton, R. [2006] . Icarus 183(2), 411-419; Moskovitz, N.A., Jedicke, R., Gaidos, E., Willman, M., Nesvorný , D., Fevig, R., Ivezić , Ž. [2008]. Icarus 198,[77][78][79][80][81][82][83][84][85][86][87][88][89][90]. This latter finding supports the hypothesis that some vestoids may be crustal fragments of a disrupted basaltic parent body compositionally similar to 4 Vesta. We also obtained rotationally resolved medium resolution spectra of Vesta during the Dawn orbit insertion phase, which will be valuable for calibration and comparison of spacecraft data. Modeling of a composite V-type asteroid phase curve yielded a generic photometric model for V asteroids. We also find that a significant amount of the spectral diversity in the V class comes from changes in solar phase angle. A fit of a composite solar phase curve containing our vestoid observations, previously published groundbased observations of Vesta, and early disk-integrated Dawn observations show important differences with other asteroids. The macroscopic surface roughness of V-type asteroids is significantly larger than that of C-type or S-types (Helfenstein, P., Veverka, J. [1989]. Physical characterization of asteroid surfaces from photometric analysis. In: Binzel, R., Gehrels, T., Matthews, M.S. (Eds.), Asteroids II. University of Arizona Press, Tucson,. This result is consistent with radar studies showing that igneous rocky asteroids -the E and V types -exhibit the largest surface roughness (Benner, L. et al. [2008] . Icarus 198,[294][295][296][297][298][299][300][301][302][303][304] Icarus 235 (2014) 60-74 Contents lists available at ScienceDirect Icarus j o u r n a l h o m e p a g e : w w w . e l s e v i e r . c o m / l o c a t e / i c a r u s V-type NEOs, but our finding that smaller vestoids, which have shorter lifetimes, are more similar to Vesta suggests that some type of alteration of the surface through time occurs. Our observations confirm that the south polar region of Vesta has a more diogenitic composition than its equatorial regions. The south pole, which is dominated by a large impact feature, thus may offer a view into the interior of Vesta. We derive a visible phase integral of 0.44 ± 0.02 and a corresponding Bond albedo of 0.15 ± 0.03 from our composite V-type asteroid solar phase curve.
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Introduction
The Dawn Mission is part of NASA's Discovery Program. Launched September 27, 2007, the spacecraft began the detailed study of the Main Belt Asteroid 4 Vesta with orbit insertion on July 17, 2011 and continuation of its orbital mission for 1 year. The main goals of Dawn's in-depth study are to understand the evolution of this protoplanet and the role of water in its history; to derive Vesta's bulk properties; to model its surface composition and geologic landforms, and to understand its relationship with the terrestrial HED meteorites and the near-Earth vestoids (Kelley et al., 2003; Binzel et al., 2004; Russell et al., 2012) , both of which are believed to originate from Vesta. In preparation for the Dawn encounter, a ground-based observing campaign to study the spectrophotometric properties of vestoids was undertaken. One important component of this program was the gathering of photometric observations of vestoids over a complete range in solar phase angles. Because Vesta is in the Main Belt, the maximum excursion in solar phase angle is limited to $25°. The majority of the observations to be obtained by Dawn are at larger solar phase angles. No project data products or scientific results -mosaics for both public consumption and for geophysical studies, composition based on spectroscopic band identifications, topographic analysis based on photoclinometry, shape models, etc. -can be of very high fidelity without careful photometric modeling and correction.
One primary goal of this study was to derive a surface phase function for Vesta and vestoids to be in place at the start of the nominal mapping mission. A related goal is to quantify the effects of solar phase reddening in V-type asteroids, and to understand how much spectral diversity is due to the effects of changing radiance and viewing geometry. The final goal of our study is to explore the variability in the optical reflectance of vestoids to better understand their relationship to Vesta and the origin and dynamical history of the Near-Earth Objects (NEOs) and the terrestrial meteorites in general. Our measurements also resulted in a number of subsidiary findings, including four new rotation curves for near-Earth vestoids, identification of several new V-types and a binary candidate, and constraints on a pole position for one vestoid. We also obtained hundreds of medium resolution spectra of Vesta over a full rotation period at the same time as the Dawn orbit insertion, which will enable better instrument calibration and provide context for ground-based observations. Finally, we did extensive photometric modeling of our observations to yield a general V-type model that can be compared to similar models developed for S-type and C-type asteroids (Helfenstein and Veverka, 1989) .
Spectral observations: acquisition and reduction
Medium resolution optical spectrophotometry (R $ 300; k MIN -$ 0.38 lm; k MAX $ 0.95 lm) of 7 near-Earth and 10 main-belt V-type asteroids were obtained at the Palomar Mountain 200-in. telescope (P200) equipped with a facility dual-channel long-slit CCD spectrometer (the ''Double-Spec'' or DBSP; Oke and Gunn, 1982) . The observing circumstances are listed in Table 1 with orbital elements, absolute magnitude, etc., as provided by the JPL Horizons database. The Near-Earth Objects (NEOs) in our sample were initially targeted in our ongoing survey of Potentially Hazardous Asteroids (PHAs), low-DV NEOs, and asteroids scheduled for radar observation. Their V-type taxonomy was discovered serendipitously as we began to collect data on them. For our main-belt spectral targets, we used the broad-band colors archived in the 4th release of the Sloan Digital Sky Survey Moving Object Catalog (Ivezic et al., 2002) in comparison to the V-type asteroids contained in the SMASS II survey to identify potential V-type asteroids available during our scheduled observing runs, which we confirmed with our Palomar spectroscopy. In this way we have been able to build a self-consistent, unbiased database of V-type asteroids over a wide range of sizes and orbital distribution, as illustrated in Fig. 1 . A number of our asteroids targeted as V-type by their optical SDSS colors have been studied by other observers, including 4055 Magellen (Cruikshank et al., 1991) , 5599 (1991 SG1) (Roig and Gil-Hutton, 2006) . Although 7472 Kumakiri exhibits optical colors compatible with V-type classification, the inclusion of near-IR data revealed a reflectance spectrum more similar to the O-type classification of 3628 Božněmcová (Burbine et al., 2011) . Additionally, Roig and Gil-Hutton (2006) , Moskovitz et al. (2008) , and Marchi et al. (2010) have used SDSS colors to identify basaltic asteroids in the main-belt.
With the Palomar DBSP the night sky and object are first imaged on the slit before being divided by a dichroic filter into blue and red beams which are then dispersed and reimaged with individual grating and camera set-ups. In addition to our target asteroids, spectra of solar analog stars over a wide range of airmass were obtained throughout each night. Wavelength calibrations were accomplished with arc-lamp exposures and flat-fields were taken using the illuminated dome. Our individual spectral exposures on the NEOs were 300 s. Between exposures we recentered on the object and updated the object rates of motion if needed. Typical pointing drifts were on the order of 1 arcsec. Throughout our campaign we used a 6 arcsec wide slit and kept the tailpiece of the telescope rotated to match the parallactic angle. The effective exposure times for our fainter targets were approximately 1 h.
The spectral data reduction proceeded in a standard manner (Hicks and Buratti, 2004) , using IRAF and custom built code. The two channels of the spectrograph were separately analyzed and recombined into a composite spectrum. The platescales of the red and blue cameras are 0.468 and 0.624 arcsec pixel À1 , respectively. After flat-fielding, for each exposure a 21-pixel wide object window was defined in the spatial dimension about the object centerline with 5 pixel sky windows immediately adjacent. For each exposure, after flat-fielding, a 21-pixel wide object window was defined in the spatial dimension about the object's centerline with a 5 pixel sky window immediately adjacent for each exposure. A linear fit to the sky windows was subtracted from each row to remove scattered light and night-sky emissions. The digital counts were summed across the object into a one-dimensional spectrum. Solar analog stars were reduced in a similar way and coadded to match the airmass of our asteroids and ratioed to produce relative reflectance. Our exposures were obtained in rapid succession and individual frames in each sequence were ratioed by their sum. Changes in slope or flux in the ratios would suggest problems with differential refraction or changing extinction but in no cases was it required to omit any single spectral frame from the sums. Similarly, we were able to cross reference our solar comparison stars taken on various nights with the well accepted solar analog 16 Cyg B. Fig. 2 illustrates the results of our vestoid spectroscopy. The relative reflectance for these 16 objects have been normalized to unity at 0.55 lm, offset for clarity, and presented in order of increasing 1 lm band depth.
Spectral observations: results
At optical wavelengths, the spectra of Vesta and the vestoids can be characterized by the depth of the 1 lm absorption feature and the continuum slope near 0.6 lm. These quantities can be used to explore the spectral diversity of V-type asteroids and compared directly with Vesta. The P200 spectra do not cover fully the extent of the 1 lm band; therefore, we used the reflectance at 0.85 lm to compute a pseudo-band depth. After smoothing our spectra with a 0.01 lm wide boxcar median filter we found the maximum reflectance R MAX and defined the pseudo-band depth D = (R MAX À R 0.85lm )/R MAX . The spectral slope S was defined as the percent change across 0.6-0.7 lm. Table 2 lists the spectral slope and pseudo-band depth for our P200 targets as well as for the V-type asteroids identified in the SMASSII asteroid spectral survey database (Bus and Binzel, 2002a) ; the results are plotted in Fig. 3 . The distribution of spectral slopes and pseudo-band depths for the P200 and SMASSII populations agree. The P200 and SMASSII populations on average show steeper slopes and greater pseudoband depth than 4 Vesta. The lower four panels of Fig. 3 explore possible correlations of S and D with absolute magnitude H (a proxy for size) and perihelion distance q (position within the asteroid belt). For our P200 vestoids, no correlations of psuedo-band depth D were found with respect to absolute magnitude, perihelion distance, or solar phase angle (a), as summarized in Table 3 . However, significant correlations of spectral slope S were found with respect to absolute magnitude (r = 4.8), perihelion distance (r = 2.7), and solar phase angle (r = 1.8). As illustrated in the lower left-hand panel of Fig. 2 , the small vestoids tend to have spectral slopes more compatible with that of 4 Vesta. This result may suggest evidence for some type of space weathering: small NEOs have shorter collisional lifetimes and may reflect younger, unaltered surfaces. Close approaches of NEOs to the Earth-Moon system may lead to a gravitational shaking that refreshes the near surface regolith (Nesvorný et al., 2005; Marchi et al., 2006; Binzel et al., 2010) .
The taxonomy of the near-Earth asteroids presented in this paper was determined during our ongoing spectral survey of planetary radar targets, Potentially Hazardous Asteroids (PHAs) and low-DV potential mission targets. Taxonomy was determined through a direct comparison with the 1341 main-belt and NearEarth objects in the SMASSII spectral survey (Bus and Binzel, 2002b) . All P200 and the SMASSII reflectance spectra were normalized at 0.55 lm. Using the 49 channel spline-fit spectra in the SMASSII database, we defined a misfit by summing the deviations between the SMASSII reflectance values and the median of the P200 spectra within each SMASSII wavelength bin. The misfit between the P200 targets and the SMASSII objects were sorted and ranked. The P200 target was assigned the taxonomy of the bestfit SMASSII object. The main-belt asteroids in our sample were identified by their SDSS colors and confirmed as V-type asteroids by our P200 spectroscopy. Two of the main-belt vestoids, 7472 Kumakiri and 1991 SG1, reside in the outer main belt well beyond the jovian 3:1 mean motion resonance near the Kirkwood Gap at 2.5 AU, as shown in Fig. 1 . To have originated from 4 Vesta, these two objects would have had to successfully scatter across the 3:1, 5:2, and 7:3 resonances. It is possible that 7472 Kumakiri and 1991 SG1 are not derived from Vesta and represent crustal fragments of a disrupted basaltic parent body compositionally similar to 4 Vesta. Spectroscopic observations of 1459 Magnya, with a semi-major axis of 3.15 AU, revealed basaltic composition (Lazzaro et al., 2000) .
Broadband photometric observations: acquisition and reduction
To maximize the solar phase coverage of our V-type NEO targets, an observational campaign of broad-band photometry was mounted across multiple sites: Table Mountain Observatory (Hicks, lead observer), Calar Alto Observatory (Duffard, lead observer), and Purple Mountain Observatory (Zhao, lead observer). The Table Mountain Observatory (TMO) is located 60 miles north-east of Pasadena, California at 2300 m elevation and features a 0.6-m f/16 Ritchey-Chretien reflector equipped with CCD detector and Bessel BVRI filterset. TMO supports both on-site and remote observations. Fourteen nights of photometric data were acquired at TMO. The Calar Alto Astronomical Observatory (CA) is located at 2200 m elevation in the Sierra de Los Filabres Mountains of southern Spain. One night of R-band photometry at the CA 1.2-m reflector (CA1.2) and four nights of R-band photometry at the CA 2.2-m reflector (CA2.2) were acquired. Two nights of photometric data were acquired with the Purple Mountain (PM) 1-m Xuyi Schmidt telescope. Table 4 lists the orbital elements and observational circumstances of our broad-band photometry targets. All data were reduced in a standard way by Hicks using IRAF and custom built code. Landolt standards (Landolt, 1992) were observed throughout each night at a wide range of airmass to provide photometric calibration. Landolt fields were observed at all three stations. The photometric accuracy of the PM and CA data was verified by reimaging the CA and PM fields at TMO and cross-calibrating background field stars, bringing the photometry to a self consistent filter system. Typical nightly calibration accuracies were $0.015 mag for the V, R, and I filters and $0.022 for the B filter data.
Broadband photometric observations: results for individual objects
In this section we discuss broadband observations of specific NEO targets, which have provided new rotation light curves and a composite solar phase curve; a new shape/spin model; BVRI colors; a new binary candidate; identification of new V-types NEOs; and a composite model to quantify solar phase reddening for V-type asteroids. Infrared photometry (N-band; 10 lm) acquired by Veeder et al. (1989) yielded an albedo of 0.18 and effective diameter of 0.6 km. The spectral class assigned to this asteroid has evolved from SQ (Chapman et al., 1994) to V (Binzel et al., 2004) . As a high solar-phase vestoid target, we observed 1980 WF over the course of four partial nights at TMO and one partial night with the CA2.2 between January 21 and February 6 2011. We measured a new rotational period for 1980 WF: using standard Fourier techniques we determined a best-fit synodic period P syn = 7.60 ± 0.02 h with a relatively high lightcurve amplitude of $0.8 mag. We measured an absolute magnitude in the Bessel R-band (effective wavelength k eff = 0.63 lm) of H R = 19.18 mag, assuming a phase parameter g = 0.15. Our 1980 WF phased lightcurve is plotted in Fig. 4 .
The near-Earth Asteroid 1981 Midas (1973 EA) was discovered by Charles Kowal (IAUC 2532). Muinonen et al. (2006) combined 6 nights of time-resolved photometry from the open literature and two additional nights of data from the object's 2004 apparition to search for a convex shape/pole solution using the optimum lightcurve inversion technique described by Kaasalainen et al. (2001) . Although their dataset spanned 16 years, they were unable vestoids. The slope is the percent change from 0.6 to 0.7 lm. The pseudo-band depth is the maximum reflectance wherever it exists in the spectra minus the reflectance at 0.85 lm divided by the maximum reflectance. (No phase angle corrections have been applied.) There is no clear spectral difference between mainbelt and NEO vestoids, although Vesta appears to be an outlier. The bottom four panels show that there is no clear correlation between these slopes and band depths and perihelion distance or absolute magnitude, which is a proxy for size.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) to determine a fixed pole/shape solution, but they did constrain the sidereal period P sid = 5.22 ± 0.04 h. We obtained 3 nights of BVRI photometry and 1 night of R-band photometry of 1981 Midas at TMO, and found a best-fit synodic period P syn = 5.314 ± 0.002 h with a moderate lightcurve amplitude of $0.2 mag. Our photometry yielded an absolute magnitude H R = 14.44 mag, assuming a phase parameter g = 0.15. The phased 1981 Midas lightcurve is plotted in Fig. 5 . The near-Earth Asteroid 4055 Magellan (1985 DO2) was discovered photographically by Eleanor Helin. The object's taxonomic similarity with 4 Vesta at optical and near-IR wavelengths was first noted by Tholen et al. (1988) and was studied in depth spectroscopically by Whiteley (2001) and Binzel et al. (2004) . Thermal observations by Delbó et al. (2003) determined a geometric albedo q = 0.31, and, a rotational period of 7.475 ± 0.001 h has been determined as part of Petr Pravec's Ondrejov Survey (http:// www.asu.cas.cz/~ppravec/neo.html). We obtained five partial nights of R-band photometry with the TMO 0.6-m telescope and found a best-fit synodic period P syn = 7.491 ± 0.005 h with a high lightcurve amplitude of $0.8 mag. Our photometry yielded an absolute magnitude H R = 14.56 mag, assuming a phase parameter g = 0.15. Our phased 4055 Magellan lightcurve is plotted in Fig. 6 . Table Mountain Table 4 . Standard Fourier lightcurve analysis of our photometry initially pointed towards a low lightcurve amplitude and a rapid rotation period near 2.4 h, near the rotational disruption rate for a strengthless spheroidal body (Margot et al., 2002) . However, night-to-night variations in the reduced photometry suggested the lightcurve signature of a binary asteroid, as shown in Fig. 7 . This result would not be surprising since approximately 17% of nearEarth asteroids larger than 200-m diameter are likely binary systems (Pravec et al., 2000 (Pravec et al., , 2006 . We modeled our observations using the double-period Fourier method as described by Pravec and Hahn (1997) , which models the lightcurve as two additive components with noncommensurate periods. We found the bestfit solution P 1 = 2.409 ± 0.001 h and P 2 = 29.1 ± 1.8 h to be similar to other binary NEOs. We interpret the shorter period to be the rotation period of the primary and the longer period to reflect the orbital period of a tidally locked companion. Vesta-family binaries are not unknown: photometric observations of the main-belt vestoid 3782 Celle were found to be consistent with an eclipsing/ occulting binary system P 1 = 3.84 ± 0.01 h and P 2 = 36.57 ± 0.03 h (Ryan et al., 2004) . The near-Earth Asteroid 137052 Tjelvar (1998 VO33) was discovered by C.I. Lagerkvist at the La Silla 1-m Schmidt (M.P.E.C. 1998-W10) and spectral observations revealed a V-type taxonomy (Whiteley, 2001; Bus and Binzel, 2002b; Binzel et al., 2004) . Krugly et al. (2002) reported an 8 h rotational period. We obtained 12 partial nights of rotationally resolved photometry of 137052 Tjelvar over a wide range of declinations and solar phase angles, including 1 night with the CA1.2, 1 night with the CA2.2, 2 nights with the The slight offset at 0.2 phase is due to evolution of the illumination, projected area, and viewing geometries during the observing season. PM Schmidt, and 8 nights at TMO. We determined a best-fit synodic period P syn = 4.514 ± 0.002 h with a relatively low lightcurve amplitude of $0.14 mag. We measured an absolute magnitude H R = 16.60 mag, assuming a phase parameter g = 0.15. The lightcurve of 137052 Tjelvar is plotted in Fig. 8 .
Multi-filter rotationally resolved broad-band photometry can be used to explore compositional variability between objects and quantify wavelength-dependent solar phase effects. As listed in Table 5 , BVRI observations for three of our NEO vestoids, 1981 Midas, 137052 Tjelvar, and 253841 (2003 YG118) , were obtained over significant ranges of rotational and solar phase space. A standard color cycle consisted of seven exposures (R-I-R-V-R-B-R) observed multiple times allowing us to measure R-band lightcurves and instantaneous B-R, V-R, R-I colors. As with the optical spectroscopy, each object's mean colors were compared to the 1341 spectra archived in the SMASSII survey (Bus and Binzel, 2002a,b) . Fig. 9 and Table 6 list the best-fit spectral analogs in the SMASSII dataset and our data confirms V-type taxonomy in each case. All asteroids flagged as V-type by their SDSS colors were confirmed as V-type by their P200 spectra. Aided by a wide range in observed solar phase angle, we used our nightly averaged colors to constrain wavelength dependent solar phase effects, as shown in Fig. 10 and Table 7 . Our vestoid photometry suggests a subtle but statistically significant phase at BVRI wavelengths. The trends in B-R and R-I color imply that at high solar phase angle the optical spectrum is reddened and the 1-lm pyroxene band is deeper, both of which have been seen in laboratory studies of HED meteorites . If we extrapolate the mean BVRI colors back to 0°p hase, we find that the composite vestoid model matches 4 Vesta well, as shown in Fig. 11 , suggesting that a significant fraction of observed variability at optical wavelengths may be due solely to phase angle effects. A similar study for S-type and Q-type asteroids found that about half of the effects of solar phase reddening could be attributed to viewing geometry (Sanchez et al., 2012) .
As shown in Buratti and Veverka (1983) , the disk integrated flux U(a), which is normalized to unity at a = 0°, can be converted to the surface phase function f(a), where a is the solar phase angle f ðaÞ ¼ UðaÞ Á f 0 =ð1 À sinða=2Þ tanða=2Þ ln cotða=4ÞÞ ð1Þ assuming a uniform sphere or knowledge of the local incident or emission angles and the Lommel-Seeliger scattering law. The solar phase function f(a) contains the effects of solar phase angle alone such as roughness and the single particle phase function. Knowledge of this function is necessary to obtain photometrically corrected spacecraft images. The changes in intensity due to the changing emission and incident angles are modeled in the trigometric term of Eq. (1). We restricted our photometry to objects with low lightcurve amplitude, allowing us to minimize shape effects. The upper panel of Fig. 12 illustrates our normalized solar phase curve in magnitude units. The dashed curve is a simple polynomial plus exponential term (to account for the opposition surge) fit of the form 
À8
. The bottom panel of Fig. 13 shows our empirical photometric model derived from our vestoid data, with the IAU HG model for comparison (see next section of more detail) Assuming Lommel-Seeliger scattering, our simple empirical model can be used to covert I/F(a) measured by the Dawn spacecraft to geometric albedo or to normalize the spacecraft data to any required illumination/viewing geometry.
Broadband photometric observations: composite phase curve and photometric modeling
One purpose of our investigation was to explore the photometric behavior of V-type asteroids at solar phase angles inaccessible to ground based observers of 4 Vesta, which has a maximum excursion of $24°. The observed brightness of Near Earth vestoids at large solar phase angles ($80°), which is more typical of the viewing geometries during the Dawn mapping period, enabled us to predict the intensity of the spacecraft images prior to orbit insertion. But in addition, our observations made it possible to construct a composite visible solar phase curve of V-type asteroids, similar to that published for S-type and C-type asteroids (Helfenstein and Veverka, 1989) . This phase curve was fit to a physical photometric model and compared to the results of fits to other asteroid taxonomic types.
Over the past two and a half decades, photometric models describing the geophysical attributes of planetary surfaces have been published (Hapke, 1981 (Hapke, , 1984 (Hapke, , 1986 (Hapke, , 1990 Buratti, 1985; Buratti and Veverka, 1985) . The main parameters of these models are macroscopic roughness, which can be characterized by a mean slope angle (Hapke, 1984) or a mean depth-to-diameter ratio of a crater with specified surface coverage (Buratti and Veverka, 1985) ; the compaction state of the active upper regions of the surface (Irvine, 1966; Hapke, 1986) ; the single scattering albedo; and the directional scattering properties of the particles, which in turn are related to their size, shape, and composition. The models have been criticized in that they do not represent physical reality very well (see Shepard and Helfenstein, 2007 , and Hakpe's response (Hapke, 2008; Hapke et al., 2009) ) and that they are difficult to uniquely fit (Helfenstein et al., 1988) . The first criticism can be mitigated somewhat by focusing on comparisons among the many fits that have been done over the years, and the second criticism can be largely avoided by gathering data over a full range of solar phase angles or by fitting both disk-integrated and disk-resolved measurements.
Following the techniques described in Hillier et al. (2011) we applied a Hapke model to a composite phase curve that contains our observations of the near-Earth vestoids, the published observations of Vesta (Hasegawa et al., 2009; Reddy et al., 2012) , Rosetta measurements (Fornasier et al., 2011) and the available full-disk observations of Vesta from Dawn (see Fig. 14) . Disk-integrated measurements of Vesta's solar phase curve were extracted from the Framing Camera approach and survey data obtained in the Clear Filter. We selected radiometrically and geometrically calibrated images that included the full disk of Vesta: these data spanned the phase angle range from 29°to 44°. The disk-integrated brightness of Vesta in each image was derived by performing aperture photometry, subtracting any residual background signal, and normalizing to a common spacecraft distance. The relative phase curve derived from Dawn was then normalized to the ground based observations as follows. First a fit was performed to Hapke's model excluding the Dawn data. A normalization factor needed to bring each Dawn data point in line with this fit was found. An average of these factors was then determined and applied to the Dawn data. For this fit, we characterize the macroscopic roughness by Hapke's mean slope parameter (h) and the directional properties of the single particle phase function P by the Henyey-Greenstein g, Pðcos a;
where g is the asymmetry parameter such that g = 1 is purely forward scattering, g = À1 is purely backscattering, and g = 0 is isotropic (Henyey and Greenstein, 1941) . The single scattering albedo x 9 and the opposition surge parameters were also fit. For the opposition surge we fit the parameters B 0 , which describes the amplitude of the surge, and h, which describes its width. The width depends on the particle sizes of regolith particles and how the particles are compacted: a small h corresponds to a ''fluffier'' surface with more Fig. 9a . SMASSII BVRI colors (as measured from reflectance spectra) for 1981 Midas shown with spectra of the best fit spectral matches from the 1341 spectra in the data base (Bus and Binzel, 2002a,b) . (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) void spaces between particles. We did not include the effects of coherent backscatter (Hapke, 1990) because our observations at small solar phase angles, particularly those <1°, are not extensive enough to separately fit the opposition surge due to shadow hiding (Irvine, 1966 ) and the surge due to coherent backscatter. We find a backscattering coefficient, g, of À0.26, a single scattering albedo of 0.51, a mean slope roughness of 31.5°, and shadowing hiding opposition surge parameters h and B 0 of 0.098 and 1.0, respectively. Table 8 summarizes our results for roughness and the single scattering albedo along with previous work on small bodies. Fig. 14 shows a phase curve that includes all the vestoid and Vesta data along with the Hapke model fit and the IAU model fit from Fig. 13 . The vestoid measurements have been corrected for rotational effects, and the Dawn observations have been corrected for both rotational effects and projection effects due to the nonsphericity of the asteroid.
The phase curve shown in Fig. 14 can be used to compute the phase integral, which expresses the directional scattering properties of a planetary body:
The Hapke model fit yields a phase integral of 0.44 ± 0.02. With knowledge of the integral scattering properties of the V-asteroids over a large range of solar phase angles, and a measure of the brightness at 0°, which in turn yields a geometric albedo, the Bond albedo can be estimated. The Bond albedo (A B ) is the ratio of the integrated flux reflected by the satellite to the integrated flux received, and it is equal to the geometric albedo (p) times the phase integral. (The bolometric Bond albedo is this quantity integrated over all wavelengths, but we do not have the spectral coverage to determine this parameter.) Both disk integrated and disk-resolved values of the bolometric Bond albedo are fundamental parameters for understanding energy balance and volatile transport on a planetary body. Using the visible geometric albedo of 0.34 ± 0.02 from the JPL Horizons data base, we find a Bond albedo of 0.15 ± 0.03.
Our R-band photometry allowed us to explore solar phase behavior of vestoids at high solar phase angles. Fig. 13 illustrates the disk integrated photometry for four vestoids and 4 Vesta obtained by our team. The H-G magnitude describes the reduced magnitude of an atmosphereless small body as a function of absolute magnitude H and solar phase parameter G and was adopted by the IAU in 1985 (Bowell et al., 1989) . The vestoid solar phase behavior is reasonably well described by a range of phase parameter 0.28 < G < 0.34, although the H-G model begins to deviate from the observed behavior at solar phase angle a > 60°, more so than the Hapke model (see also Fig. 14) . The relatively high G is consistent with a bright, high albedo asteroid where multiple scattering is not insignificant.
Spectral observations: disk-integrated spectra of Vesta over a complete rotation
In addition to our study of NEO vestoids, we obtained spectra of 4 Vesta over a full rotation curve near the time of Dawn orbit insertion. The purpose of these observations was to provide a standard set of well-calibrated spectral data to serve as calibration sets for the Dawn instruments and to obtain rotational phase variations of Vesta's south polar regions, which had not been imaged by HST (Zellner et al., 1997; Li et al., 2010) , and which are a focus of Dawn's mapping mission. We obtained two nights of medium-resolution disk integrated spectroscopy of the asteroid at the Hale 200-in. telescope on July 7 and 8, 2011, at sub-Earth latitudes of $40°south, closely matching the Dawn approach trajectory. Table 9 lists observing circumstances. Over 600 spectral images of the asteroid were acquired, unfortunately through strong and variable cirrus. The brightness of Vesta (V $ 6 mag) forced us to use the instrument's most narrow slit of 0.5 arcsec, and to defocus Vesta to well over 10 arcsec in diameter (the standard stars were not defocused). These factors may have introduced some small scale artifacts into our data. Data analysis procedures were the same as that described for the vestoid objects, except in this case we observed the standard stars with a 0.5 arcsec slit.
The top of Fig. 15 shows a composite spectrum of all our observations. Each observation was ratioed to the solar analogue star, normalized to 0.5 lm and median filtered as a group. In addition, we investigated hemispheric differences in the spectra. The bottom panel shows the median average of all spectra with sub-observer longitudes between 100°and 280°(IAU convention) ratioed to the averaged spectrum (red) and all other longitudes (green). There One of the most valuable analyses of these spectra is a comparison of the spectral properties of the south pole of Vesta with the equatorial regions. Ground-based observations of the visible and near-IR reflectance of Vesta have long suggested that the body is differentiated (McCord et al., 1970) , with the confirmation by the Dawn Mission (Russell et al., 2012) . Previous spectra of Vesta were obtained at more equatorial latitudes (Fig. 16 ), although Gaffey (1997) hypothesized that a small, shallow impact basin at the south pole of Vesta was more diogenitic than the average surface. A large body of petrologic evidence suggests that the HEDs may come from different depths of 4 Vesta (see McSween et al., 2011 , for a review). The diogenite meteorites are assumed to originate deep in Vesta's crust, while the eucrites come from lava flows onto its surface or from shallow dikes and plutons. Howardites are believed to be a mixture of the two. The large crater at Vesta's south pole (Schenk et al., 2012; Russell et al., 2012) appears to have excavated a large portion of the crust of Vesta, exposing mineral types from deeper in the crust and mantle of the asteroid. If indeed this excavated portion of Vesta is enriched in diogenitic material, it should show up in our spectrum of the south pole. Fig. 16 shows our composite spectrum, the SMASS spectrum of Vesta which is more representative of Vesta's equatorial region, and spectra of typical diogenite and eucrite meteorites at various particle sizes, as archived in the Relab data base (http://www.planetary. brown.edu/relab). Although our spectrum closely resembles the eucrites shortward of 0.7 lm, it is more similar to diogenites than the more equatorial SMASS spectrum, which suggests the polar regions are enriched in diogenitic material lower in the crust or core of Vesta. Similarly the band at 0.95 lm is deeper than the SMASS spectrum, which is also more characteristic of a diogenitic composition. In addition this band position is closer to that of the diogenite samples, although given the noise in our spectrum at the critical wavelengths, this result is only suggestive. First results from the Dawn Visible and Infrared Spectrometer (VIR) also suggest that the south pole is more diogenitic, based on an analysis of the 2 lm band . Previous groundbased work on vestoids shows specific correlations between 1929 Kollaa and a more eucritic composition similar to 4 Vesta's crust (Kelley et al., 2003) .
Discussion, comparisons with other small bodies, and conclusions
Our photometric investigation of V-type asteroids yielded a number of important results that are complementary to the investigation being performed by the Dawn Spacecraft at 4 Vesta. First, we find that the smaller vestoids exhibit deeper 1 lm absorption bands and bluer slopes in the visible portion of the spectrum. With the classic view of space weathering, which entails the reddening of the visible slope and dampening of absorption band strength (Pieters et al., 2000; Hapke, 2001) this result implies that they are younger and were injected into the inner Solar System more recently. Binzel et al. (2004) found this trend with S-type asteroids. However, with the finding that space weathering on Vesta works in a different way than that on S-type asteroids, with more exposed surfaces tending to be brighter and bluer due to communication of particles (McCord et al., 2012; Pieters et al., 2012) , this connection is less clear. Laboratory ion bombardment experiments suggest that the V-type asteroids should be redder than HEDs (Vernazza et al., 2006; Fulvio et al., 2012) . We confirmed two vestoids, 7472 Kumakiri and 1991 SG1, beyond the Jupiter 3:1 resonance. Either there is an unknown mechanism for moving these objects out that far, or there is another source body for V-type asteroids. Finally, we find that phase reddening may explain much of the spectral diversity in vestoids, and perhaps other asteroids if solar phase color corrections are done properly.
Our results show that the particles comprising the surface of 4 Vesta, and vestoids in general, are back-scattering, similar to the surfaces of all other airless bodies in the Solar System. The directional scattering properties are most similar to S-type asteroids. Although we do not have extensive measurements of the opposition surge of Vesta, especially at very small phase angles, which would enable us to determine if coherent backscatter is present, the amplitude and width of the phase curve is typical of other small bodies, and the amount of compaction in the upper regolith is similar to S-type asteroids. Where Vesta does appear to be unique is in its roughness: its mean slope angle of 31.5°is similar to that of objects such as the saturnian satellite Phoebe (Buratti et al., 2008) , which is in a highly collisional environment (Bottke Fig. 12 . A composite solar phase curve for the vestoids we observed and the 4 Vesta data from Reddy et al. (2012) and our observations. Two fits to the IAU model parameter g, which depends on the shape of the phase curve, are shown. Neither predicts the brightness of vestoids at large solar phase angles. More sophisticated photometric modeling, shown in Fig. 13 , is needed to explain the decrease in brightness beyond 50°. et al., 2010). Vesta may have had an unusually violent collisional history that was perhaps associated with the creation of the V-type asteroids. Our result supports recent radar findings that achondritic igneous rocky asteroids -the E and V types -have the largest surface roughness (Benner et al., 2008) . Benner et al. suggest that this high surface roughness may be due to unusual mechanical properties or mineralogy of V-type and E-type asteroids. An additional factor may be the more substantial regolith that Vesta has, in comparison to smaller asteroids with a lower surface gravity. These regolith particles could serve as a supply to form rough aggregates of particles. Roughness models are scale-invariant: they include features from craters, mountains, and faults, down to clumps of particles below the resolution limit of the camera. When combined with radar measurements, our results show that the V-class is rough at both small scales (sub-millimeter through centemeter) and the decimeter scales to which radar is sensitive. For the Moon, Helfenstein and Shepard (1999) showed that roughness is dominated by features at the small end of the scale. Whatever the cause of the higher macroscopic roughness of vestoids, our result suggests Vesta and its family have had a more violent collisional history, comparable to that of the saturnian satellite Phoebe, which has been battered by the family of outer irregular saturnian satellites (Buratti et al., 2008; Bottke et al., 2010) . Work by Binzel et al. (2004) suggests that space weathering is important in the NEO population. However, the similarity in visible spectral slope and the band depth at 0.85 lm between the Main Belt and Near-Earth vestoids (Fig. 3) suggests that much if not most of the space weathering can be explained by spectral reddening with solar phase angle that has not been fully corrected for. Finally, space weathering on Vesta does not appear to entail the classic effects of space weathering on S-type bodies, viz., reddening of the visible spectral slope and muting of spectral band depths; on the contrary slight spectral bluing and brightening appears to occur (McCord et al., 2012; Pieters et al., 2012) . The effect may A composite visible solar phase curve of Vesta and V-type asteroids constructed from our own observations, the published ground-based observations (Hasegawa et al., 2009; Reddy et al., 2012) , Rosetta (Fornasier et al., 2011) , and the full-disk measurements of 4 Vesta from Dawn. The blue line gives the best-fit Hapke model, as described in the text. The red line is a best fit for the IAU standard asteroid model with H and G parameters, which are related to the slope of the phase curve and the so-called opposition surge at phase angles below 5°. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) be entirely absent on smaller NEOs as the ''Vesta-like'' space weathering is due to the pulverization of surface particles. These grains may simply leave the smaller NEOs. The bottom graph shows the spectra binned into two ranges of longitude: 100-280°(red) and all other longitudes (green), with the former data set exhibiting a redder slope towards the blue end of the spectrum. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.) Fig. 16 . Our composite spectrum of Vesta compared with the SMASS spectrum that represents more equatorial viewing geometries. Also shown are spectra of typical Diogenite and Eucrite meteorites consisting of several particle sizes, from the Relab data base (http://www.planetary.brown.edu/relab). Although our spectrum closely matches that of the eucrites, it is more similar to diogenitic meteorites than the SMASS spectrum, which suggests the south polar regions may be more diogenitic in composition.
